PhytoSERM
Introduction
In addition to the well-established application for alleviation of menopausal symptoms, estrogen-containing hormone therapy (ET) has been widely indicated for its positive roles in maintaining neurological health in postmenopausal women (Brinton, 2008 (Brinton, , 2009 . Ovarian hormone loss in menopause has been associated with an increased risk for cognitive decline and development of Alzheimer's disease (AD) (Brinton, 2008 (Brinton, , 2009 . Despite the health benefits, the use of ET has been rather controversial. Earlier studies suggested increased risk for breast cancer and blood clots associated with hormone therapy (Hammond, 1994; Ravdin et al., 2007) , however recent preclinical and clinical investigations indicated that the increased risk of breast cancer was in fact associated with a specific hormone therapy regimen with the usage of conjugated equine estrogen (CEE) and a specific progestin, medroxyprogesterone acetate (MPA, otherwise known as Provera) (Stanczyk et al., 2012) .
Investigations to identify effective and safe alternatives to ET have focused on plant-derived estrogenic compounds, known as phytoestrogens. These compounds bind at weak to moderate affinities to estrogen receptors (ERs) and exert estrogenic or anti-estrogenic activities (Dixon, 2004; Setchell, 1998) . A great number of both basic science research and clinical observations have suggested that phytoestrogens could be beneficial in prevention and treatment of multiple sex hormones-related disorders including menopausal hot flashes, breast cancer (Ziegler, 2004) , prostate cancer (Goetzl et al., 2007) , and AD (Zhao and Brinton, 2007) .
Soy-derived isoflavones, genistein, and daidzein, have been the two most studied phytoestrogens. The third compound, equol, as a unique daizein metabolite, has attracted increasing interest due to its high potency to induce estrogenic responses of clinical relevance (Setchell and Clerici, 2010a, 2010b) . Unlike genistein and daidzein, equol is not a direct plant origin, but is can be exclusively produced through the metabolism of daidzein catalyzed by intestinal microbial flora following the intake of soy products (Setchell et al., 1984) . Equol is a chiral compound and can exist in three forms, racemic (7)equol (R/S-equol), R-equol, and S-equol. S-equol is found to be the exclusive enantiomer present in the urine of about 20-30% of Western adults after consuming soy products, and this sub-population are defined as ''equolproducers'' (Setchell et al., 2005; Setchell and Cole, 2006) .
Most of the published studies on equol have been based on the racemic form, (7) equol, including our previous studies on phytoSERM therapeutic combinations (Zhao et al., , 2011 . Until recently, a few reports comparatively analyzed equol isomers and results indicate that these isomers share both similarities and differences in biological properties. An earlier in vitro study done by Magee et al. (2006) found that racemic R/ S-equol and S-equol induced equipotent inhibition of the growth and invasion of breast and prostate cancer cells, while only racemic R/S-equol prevented DNA damage against a genotoxic insult. Another in vitro study reported by Shinkaruk et al. (2010) confirmed that both R-equol and S-equol exert transcriptional activities despite differences with respect to the involvement of ER subtype and transactivation functions. In a chemically induced rat model of breast cancer, it was observed that S-equol had no chemopreventive action, nor was it stimulatory, while R-equol was found potently chemopreventive, with an impressive 43% tumor reduction (Brown et al., 2010) . Together, these studies underlie the importance of further investigations to elucidate potential impact of different equol forms on human health and disease.
In the present study, we compared the effects of racemic R/S-equol-based with S-equol-based phytoSERM combinations on mitochondrial markers in rat hippocampal neuronal cultures and mouse whole brain. Results from our analyses indicate that both combinations similarly potentiate mitochondrial function in female brain.
Results

Both S-equol and R/S-equol phytoSERM combinations promote neuronal mitochondrial bioenergetics in vitro
To determine the metabolic efficacy of S-equol and R/S-equol phytoSERM combinations in vitro, we measured their regulation of mitochondrial respiration (indicated by OCR) as well as aerobic glycolysis (indicated by ECAR) in primary neuronal cultures. E2 was included as a positive control as we previously demonstrated that E2 up-regulated mitochondrial respiration both in vitro and in vivo (Yao et al., 2011 (Yao et al., , 2012 . In primary neurons over 80% of OCR measured was due to oxidative phosphorylation as indicated by the decrease (480% decrease relative to basal level) in OCR with the addition of the Complex I inhibitor rotenone. The addition of the ATP synthase inhibitor oligomycin (1 mM) resulted in about 70% decrease in OCR in neurons (Fig. 1A) , indicating that oxygen consumption was largely driven by oxidative phosphorylation-coupled ATP generation. Compared to the vehicle group, all three treatment groups significantly increased both the basal mitochondrial respiration and the maximal respiratory capacity with E2 demonstrating the greatest potency followed by S-equol and R/S-equol phyto-SERM combinations, respectively ( Fig. 1A and C) . In contrast, only the R/S-equol phytoSERM combination induced a moderate increase in basal aerobic glycolysis level while all three treatments increased the maximal aerobic glycolysis rate ( Fig. 1B and D) .
2.2.
No peripheral uterotrophic effects of S-equol or R/S-equol phytoSERM combinations
In the current study, uterine weight was used as a bioassay to confirm depletion of ovarian hormones and to investigate the potential proliferative side-effect of phytoSERM treatments. OVX-induced hormone depletion resulted in a significant decrease in uterine weight relative to the Sham-OVX group (Fig. 2, po0 .05). Furthermore, there was no significant difference in uterine weight between the OVX group and the phytoSERM treatment groups, indicating that neither the S-equol nor the R/S-equol phytoSERM combination induced uterine proliferation.
2.3.
S-equol and R/S-equol phytoSERM combinations regulated key metabolic enzyme activity
To investigate the regulation of S-equol and R/S-equol phyto-SERM combinations on brain metabolic activity in vivo, we measured activities of four key enzymes involved in mitochondrial bioenergetics: PDH (pyruvate dehydrogenase), aKGDH (aketoglutarate dehydrogenase), complex I (NADH dehydrogenase), and complex IV (cytochrome c oxidase). PDH is the key enzyme linking glycolysis to oxidative phosphorylation (OXPHOS); aKGDH is the rate-limiting enzyme of the tricarboxylic acid (TCA) cycle; Complex I controls the entry of electron flow to the mitochondrial electron transport chain (mETC), hence controlling the entry point of OXPHOS in brain; Complex IV is the terminal enzyme of electron flow and reduces O 2 to H 2 O. Complex I activity was not changed by either OVX or the phytoSERM treatments. In contrast, OVX induced a significant decrease in PDH activity (Fig. 3A, po0 .05), a moderate but not significant decrease in aKGDH activity ( Fig. 3B ) and had no impact on Complex I and Complex IV activity ( Fig. 3C and D) . Compared to the OVX group, the S-equol phytoSERM combination induced significant increase in PDH activity (Fig. 3A, po0 .05) whereas R/S-equol phytoSERM combination induced a moderate but not significant increase in PDH activity (Fig. 3A) . Similarly, the S-equol phytoSERM combination induced significant increase in aKGDH activity and complex IV activity ( Fig. 3B and D, po0 .05) Fig. 1 -Both S-equol phytoSERM and R/S-equol phytoSERM combination treatments promotes mitochondrial bioenergetics in vitro. Primary hippocampal neurons were treated with S-equol phytoSERM combination (100 nM), R/S-equol phytoSERM combination (100 nM), E2 (10 nM), or vehicle for 24h. Cellular metabolic flux activity was measured using the Seahorse metabolic analyzer. (A) and (C), Both E2 (red), S-equol phytoSERM (green), and R/S-equol phytoSERM (purple), increased the basal respiration and maximal mitochondrial respiratory capacity (indicated by OCR, oxygen consumption rate) relative to vehicle control (blue). (A) Representative OCR vs. time curve; (C) bar graphs of basal and maximal mitochondrial respiration ( Ã , po0.05 compared to vehicle group, n ¼ 5 per group). (B) and (D), R/S-equol phytoSERM (purple) combination increased the basal aerobic glycolysis (indicated by ECAR, Extracellular Acidification Rate), while E2 (red), S-equol phytoSERM (green), and R/S-equol phytoSERM (purple), increased the maximal aerobic glycolysis rate. (B) Representative ECAR vs. time curve; (D) bar graphs of basal and maximal aerobic glycolysis ( Ã po0.05 compared to vehicle group, n ¼ 5 per group).
whereas R/S-equol phytoSERM combination induced a moderate but not significant increase ( Fig. 3B and D, po0.05).
2.4.
S-equol and R/S-equol phytoSERM combinations regulated expression and post-translational modification of bioenergetics enzymes Changes in enzyme activities can be attributed to changes in protein expression or post-translational modification, such as phosphorylation. PDH as the control point between aerobic glycolysis and mitochondrial OXPHOS can be phosphorylated as a regulatory mechanism of its activity. To investigate the impact of OVX and the phytoSERM treatments on PDH phosphorylation, we conducted western blot analyses on two of the phosphorylation sites of PDH, phosphoSer232 (pSer 232 ) and phosphoSer293 (pSer 293 ). Compared to the Sham group, OVX induced a significant increase in phosphorylation at Ser 232 and Ser 293 site (Fig. 4A, po0 .05). S-equol phytoSERM combination significantly reduced the OVX-induced increase in both pSer 293 and pSER 232 (Fig. 4A, po0 .05) whereas R/Sequol phytoSERM combination only significantly reduced phosphorylation of PDH at the Ser 232 site (Fig. 4A, po0.05 ). In addition to PDH phosphorylation, we investigated impact of OVX and phytoSERM treatments on protein expression of aKGDH, COX I (cytochrome c oxidase, subunit I), CVa (ATP synthase, subunit a) and CVb (ATP synthase, subunit b). OVX induced a significant decrease in COXI protein expression, while both S-equol and R/S-equol phytoSERM treatments induced significant increase in COXI expression (Fig. 4B , po0.05). Both the S-equol and R/S-equol phytoSERM combination significantly increased expression of aKGDH (Fig. 4B , po0.05) while OVX had minimal impact on aKGDH protein expression (Fig. 4B, po0.05 ). Only the S-equol phytoSERM combination induced significant increase in CVa compared to the OVX group whereas the R/S-equol combination induced a moderate but not significant increase. For CVb, there was no change with OVX or either phytoSERM treatments.
S-equol and R/S-equol phytoSERM combinations reduced OVX-induced increase in lipid peroxidation
Oxidative stress is involved in the pathogenesis of many neurodegenerative diseases. To investigate the efficacy of S-equol and R/S-equol phytoSERM combinations to reduce oxidative damage, we conducted the T-BARS assays as a functional readout of lipid peroxidation status. Compared to the Sham group, OVX induced a significant increase in lipid peroxidation (Fig. 5, po0 .05). Moreover, both the S-equol and R/S-equol phytoSERM treatments significantly reduced lipid peroxidation to a level comparable to (S-equol phytoSERM) or lower than (R/Sequol phytoSERM) the Sham group (Fig. 5, po0 .05).
S-equol and R/S-equol phytoSERM combinations induced a similar response in expression of mitochondrial and bioenergetics genes
To investigate the S-equol and R/S-equol phytoSERM combination regulation of brain bioenergetics on a systems-level, we conducted target driven low density gene arrays (LDA), which contains a total of 197 genes involved in essential pathways of brain metabolism and mitochondrial function. Compared to the OVX group, the S-equol phytoSERM combination induced significant increase in 14 genes, including Aacs, Acaa2, Glrx, Ldhb, Prkaa1, Star, Adam17, Opa1, Prep, Timm22, Cyp46a1, Ogdh, Txn2, Psen2, and a significant decrease in 1 gene, Gsr. The R/S-equol phytoSERM combination induced significant increase in eight genes, including Cyp46a1, Ogdh, Txn2, Psen2, Abca1, Pdha1, Pdhb, Apba3, and significant decrease in 1gene, Gpx3 (Fig. 6A , po0.05, Table 1 ).
Comparison between the S-equol and R/S-equol phytoSERM combination groups revealed similar bioenergetics profiles of these two treatment groups with only 8 genes significantly changed, including Lcat, Apba1, Ece2, Echs1, Gsr, Timp2, Adam17, and Opa1 (Fig. 6B , po0.05, Table 1 ).
Discussion
In the current study, we demonstrated that both S-equol phytoSERM and R/S-equol phytoSERM combination treatments potentiated mitochondrial bioenergetics in vitro and in vivo, albeit fine differences in efficacy of anti-oxidant and gene expression profile. From a mechanistic perspective, the current study provided direct comparison between impact of S-equol and R/ S-equol based phytoSERM combination treatments on brain mitochondrial function. From a translational and regulatory science perspective, findings that S-equol and R/S-equol phyto-SERM treatments share largely the same efficacy profile enables development of S-equol phytoSERM combination as a dietary nutraceutical for relieving hot flash symptoms and promoting general brain health in post-menopausal women.
Efficacy of S-equol and R/S-equol phytoSERM treatments to potentiate mitochondrial function
Mitochondrial function is a key regulator of aging and agerelated neurodegenerative diseases, such as Alzheimer's disease and Parkinson's disease (Beal, 2005; Lin and Beal, 2006) . We previously demonstrated that in a rat ovariectomy model, the same R/S-equol phytoSERM combination promoted brain mitochondrial function, increased COX activity and increased expression of anti-apoptotic protein bcl-2 and bcl-xl . Data from the current study are consistent with our previous findings. In the current study, we further demonstrated that the S-equol phytoSERM combination treatment, to a greater extent than the R/S-equol phytoSERM treatment, increased mitochondrial respiration in cultured primary neurons and potentiated whole brain mitochondrial function in a mouse model of ovariectomy. While both phytoSERM treatments generally enhanced mitochondrial respiration in vitro, the S-equol phytoSERM treatment, in particular, induced greater increase in the activity of key bioenergetics enzymes, including the PDH, aKGDH and COX activity, suggesting that the S-equol phytoSERM treatment induced a tightly-coordinated potentiation of the mitochondrial bioenergetics system, spanning from the link between aerobic glycolysis (PDH), to the TCA Cycle (aKGDH) and to the electron transport chain (COX). The difference between the S-equol and R/S-equol phytoSERM could be caused by the difference in the dosage of S-equol in the two treatments (only half S-equol in the R/S-equol combination) or a potential antagonistic interaction between R-Equol and S-equol. To address these possibilities, further studies are currently under way. Fig. 3 -S-equol and R/S-equol phytoSERM combinations regulated mitochondrial bioenergetic enzyme activity. Crude cortical mitochondria isolated from Sham OVX, OVX, OVXþS-equol phytoSERM combination, and OVXþR/S-equol phytoSERM combination groups were assessed for PDH, aKGDH, Complex I and Complex IV (COX) activities, respectively. (A) S-equol reversed the OVX-induced decrease in PDH activity, relative PDH activity was presented as the relative value normalized to that of OVX group; (B) S-equol reversed the OVX-induced decrease in aKGDH activity, relative aKGDH activity was presented as the relative value normalized to that of OVX group; C, no significant change in complex I activity with OVX, S-equol phytoSERM, or R/S-equol phytoSERM treatment, relative Complex I activity was presented as the relative value normalized to that of OVX group; D, S-equol reversed the OVX-induced decrease in COX activity, relative COX activity was presented as the relative value normalized to that of OVX group; Bars represent mean enzyme activity value7SEM ( Ã po0.05 compared to OVX group, n ¼8 per group).
3.2.
Transcriptional/translational regulation and post-translational modifications of bioenregetic enzymes by phytoSERM treatments
In the current study, we demonstrated that multi-factorial bioenergetic regulation by both phytoSERM treatments. Both phytoSERM treatments induced an increase in expression of key bioenergetic enzymes, including aKGDH, cytochrome c oxidase subunit I, ATP synthase subunit a, suggesting a coordinated enhancement of the brain bioenergetic system. Aside from the transcriptional and translational regulation that alters the expression level of bioenergetics enzymes and proteins, we demonstrated that phytoSERM treatments modified posttranslational status of the proteins and enyzmes. PDH can be phosphorylated at different serine residues, which leads to inactivation of the PDH enzyme complex (Yin et al., 2012 ). In the current study, consistent with the decrease in PDH activity, we demonstrated that OVX induced significant increase in PDH phosphorylation at two serine sites, Ser 293 and Ser 232 . S-equol phytoSERM combination reduced the phosphorylation at PDH Ser 293 and Ser 232 , to a level comparable to the Sham group, whereas R/S-equol combination only induced moderate but not significant reduction of PDH phosphorylation. Difference in magnitude of PDH phosphorylation status may account for the difference in PDH activity between the S-equol and R/Sequol phytoSERM treatment groups. In the current study we also observed that OVX induced a decrease in aKGDH activity with minimal impact on the protein expression of aKGDH, suggesting a potential post-translational regulatory mechanism of aKGDH enzyme complexes. Previous studies demonstrated that aKGDH could be de-activated by oxidative insults, particularly nitrosative stress (Gibson et al., 2012; Shi et al., 2011) . Therefore, it is possible that the increase in oxidative stress induced by OVX contributed to the decrease in aKGDH and/or complex V activity without directly altering their protein expression level, whereas phytoSERM treatments enhanced the enzyme complexes through simultaneous up-regulation of protein expression and suppression of oxidative-stress associated deactivation of the enzyme systems.
Reduction of oxidative damage by phytoSERM combinations
Oxidative stress closely parallels deficits in mitochondrial bioenergetics and development of AD neuropathology. Fig. 4 -S-equol and R/S-equol phytoSERM combination treatments regulated expression and post-translational modification of bioenergetics enzymes. Crude cortical mitochondrial samples of Sham OVX, OVXOVXþS-equol phytoSERM, and OVXþR/S-equol phytoSERM treatment groups were analyzed for protein levels of pSer232-PDH, pSer293-PDH, and total PDHE1a levels; Hippocampal homogenates samples of Sham OVX, OVXOVXþS-equol phytoSERM, and OVXþR/Sequol phytoSERM treatment groups were analyzed for protein levels of bioenergetic enzymes, including aKGDH, COXI, CVa and CVb. (A) OVX induced significantly increase in pPDH levels, which was reversed by S and R/S-equol phytoSERM treatments ( Ã po0.05 compared to OVX, bars represent mean valueþSEM, n¼ 6 per group); (B) S-equol and R/S-equol regulated expression of aKGDH, COXI, CVa but not CVb ( Ã po0.05 compared to OVX, bars represent mean valueþSEM, n¼ 6 per group).
Fig. 5 -S-equol and R/S-equol phytoSERM combination treatments reduced OVX-induced increase in lipid peroxidation. Hippocampal tissue homogenates from the Sham OVX, OVX, OVXþS-equol phytoSERM, and OVXþR/Sequol phytoSERM groups were analyzed lipid peroxidation by T-BARS assay. OVX induced a significant increase in lipid peroxidation, which was reversed by both S-equol and R/Sequol phytoSERM treatments ( Ã po0.05 compared to OVX, bars represent mean value7SEM, n ¼8 per group).
Increased oxidative modification of key metabolic enzymes will lead to compromised enzyme activity, decreased energy production (Packer and Cadenas, 2007) and activation of pathogenic pathways of many age-related neurodegenerative diseases (Moreira et al., 2007; Nunomura et al., 2001 ). Estrogenic pathways have been demonstrated to regulate key components in the anti-oxidative defense system, through genomic and non-genomic estrogen signaling pathways (Asthana et al., 2009; Irwin et al., 2008; Nilsen et al., 2007; Vina et al., 2005) . In addition, soy-based isoflavones, such as daizein, genistein, and equol have long been documented to provide anti-oxidant benefits in multiple studies (Gilbert and Liu, 2012; Gopaul et al., 2012; Hagen et al., 2012; Lateef et al., 2012) . Consistent with previous findings, we demonstrated that both the S-equol and R/S-equol phytoSERM combination treatments significantly reduced the OVX-induced increase in lipid peroxidation. Moreover, the R/S-equol phytoSERM combination induced greater reduction in lipid peroxidation, suggesting a potential additive and/or synergistic benefits of R-Equol in the combination.
3.4.
Similarity and difference in gene expression profile between S-equol phytoSERM and R/S-equol phytoSERM combination treatments Equol has been well documented to be protective against multiple oncogenic and neurodegenerative insults (Ma et al., 2010; Schreihofer and Redmond, 2009; Setchell and Clerici, 2010b; Zhao et al., 2009 Zhao et al., , 2011 . Despite the structural similarity, S-equol and R-Equol exhibit different binding and biochemical activity through estrogen receptors. While S-equol exhibited higher binding affinity, preferential for ERb, R-Equol binds more weakly and with a preference for ERa (Muthyala et al., 2004) . In addition, S-equol and R-Equol exhibited different pharmacokinetic and bioavailability profiles (Setchell et al., 2009 ). Moreover, the biological and clinical benefit difference between the S-equol and R-Equol has not been fully elucidated. A recent study demonstrated that Rand S-equol have equivalent cytoprotective effects in Friedreich's Ataxia (Richardson and Simpkins, 2012) . Similarly, it was demonstrated that both S-equol and R-Equol inhibited Fig. 6 -S-equol and R/S-equol regulated bioenergetic gene expression profile. RNA samples isolated from hippocampal tissues of all groups were analyzed for gene expression with custom LDA mouse mitochondrial array. (A) Genes that were significantly regulated by S-equol phytoSERM and R/S-equol phytoSERM treatments (red and green, significantly increased or decreased compared to OVX, respectively); (B) genes significantly changed in the S-equol phytoSERM treatment group relative to the R/S-equol phytoSERM group (red and green, significantly increased or decreased compared to R/S-equol phytoSERM treatment group, respectively). motility and invasion in PC3 and Du145 cells, with R-Equol exhibiting greater effect (Society, 2011; Zheng et al., 2011) . In contrast, Brown et al. (2010) reported that in a chemically induced animal model of breast cancer, S-equol exhibited no chemopreventive action, nor was it stimulatory whereas REquol was potently chemopreventive. In the current study, we conducted comparative gene expression profile analyses from a mitochondrial bioenergetic perspective between Sequol and R/S-equol phytoSERM treatments. Data from these analyses revealed similar gene expression profile with fine difference. Compared to the OVX group, phytoSERM treatments regulated expression of genes involved the following functional domains: glucose metabolism and energy sensing pathways, redox homeostasis, Ab production and clearance, and lipid and cholesterol homeostasis (Fig. 6A, Table 1) . A direct comparison of gene expression profiles between these two phytoSERM treatments revealed fine differences in 8 genes out of 196 genes examined. While the S-equol phyto-SERM combination induced greater changes in a-secretase (ADAM 17) and mitochondrial fusion protein (Opa1) gene expression, the R/S-equol phytoSERM combination activated greater gene expression involved in lipid metabolism and Ab clearance (Fig. 6B, Table 1 ). Together with the biochemical analyses, the S-equol phytoSERM combination and the R/Sequol phytoSERM combination largely induced similar cellular responses to potentiate mitochondrial function in vitro and in vivo. The minimal differences between the S-equol and R/S-equol phytoSERM observed in the current study could be attributed to the difference in the dosage of S-equol in the two treatments (only half S-equol in the R/S-equol combination) or a potential interaction between R-Equol and S-equol. To address these possibilities, further studies are currently under way.
Translational implications
Increasing evidence supports the translational potential of targeting ER b as a safe alternative to ET (Table 2 ) (Akaza et al., 2004; Atkinson et al., 2005; Ishiwata et al., 2009; Jackson et al., 2010; Jou et al., 2008; Muthyala et al., 2004; Romagnolo and Selmin, 2012; Setchell et al., 2002 Setchell et al., , 2005 Setchell et al., , 2009 Setchell et al., , 2011 Uchiyama et al., 2007; Vatanparast and Chilibeck, 2007; Vitale et al., 2012; Yee et al., 2008; Zhao and Brinton, 2007 ). In the current study, we demonstrated that both ER b-selective S-equol and R/S-equol phytoSERM treatments induced similar changes in gene expression profile, restored the OVX-induced deficits in brain mitochondrial function and suppressed the OVXinduced increase in oxidative damage without an uterotrophic adverse-effect that is associated with estrogen treatment. Considering the critical role of mitochondrial bioenergetics and function in brain metabolism, findings from the current study indicate great potential to develop the S-equol phytoSERM ER b selective formulations as a nutraceutical strategy to prevent the menopause-associated decline in brain metabolism and therefore prevent against age-associated neurodegenerative diseases. b r a i n r e s e a r c h 1 5 1 4 ( 2 0 1 3 ) 1 2 8 -1 4 1 4.
Experimental procedures
Chemical compounds
Genistein, daidzein and equol were purchased from LC Laboratories (Woburn, MA). The sources of other materials are indicated in the experimental methods described below.
Animal model
Colonies of non-transgenic (nonTg) mouse strain (C57BL6/ 129S; Gift from Dr. Frank LaFerla, University of California, Irvine) (Oddo et al., 2003) were bred and maintained at the University of Southern California (Los Angeles, CA) following National Institutes of Health guidelines on use of laboratory animals and an approved protocol by the University of Southern California Institutional Animal Care and Use Committee. Mice were housed on 12 h light/dark cycles and provided ad libitum access to food and water. Mice were genotyped routinely to confirm the purity of the colony.
In vivo experimental design
To investigate the impact of OVX and phytoSERM treatments on brain mitochondrial function, 6 month old female nonTg mice were randomly assigned to one of the following four treatment groups (n ¼10 per group): sham ovariectomized (Sham-OVX), ovariectomized (OVX), OVX plus the S-equol phytoSERM combination (S-equol), and the OVX plus the R/ S-equol phytoSERM combination (R/S-equol). Mice were bilaterally OVXed. 20 days after the OVX surgery, mice were weighed daily and subcutaneously treated for 4 consecutive days with either vehicle (OVX group), S-equol phytoSERM combination at 10 mg/kg/day (S-equol group), or R/S-equol phytoSERM combination at 10 mg/kg/day (R/S-equol group). Upon completion of the treatment, mice were sacrificed; tissues were harvested, processed, and stored for later analyses.
Brain tissue preparation and collection
Upon completion of the study, mice were sacrificed. Cerebellum and brain stem were removed prior to further dissection. Cerebral cortex were quickly harvested and processed for crude mitochondrial isolation. Hippocampal tissues from the left hemisphere were harvested and stored for RNA isolation and custom low-density array analyses (LDA). Hippocampal tissues from the right hemisphere were harvested and stored for protein extraction and western blots. The left hemisphere was quickly harvested and processed for crude mitochondrial isolation.
Mitochondrial preparation
Crude brain mitochondria were isolated from the designated cerebral cortex following our previously established protocol (Irwin et al., 2008) with minor adaptation. Briefly, the brain tissue was rapidly minced and homogenized at 4 1C in mitochondrial isolation buffer (MIB) (PH 7.4), containing sucrose (320 mM), EDTA (1 mM), tris-HCl (10 mM), and Calbiochem's Protease Inhibitor Cocktail Set I (AEBSF-HCl 500 mM, aprotonin 150 nM, E-64 1 mM, EDTA disodium 500 mM, leupeptin hemisulfate 1 mM). Single-brain homogenates were then centrifuged at 1500 Â g for 5 min. The pellet was resuspended in MIB, rehomogenized, and centrifuged again at 1500 Â g for 5 min. The postnuclear supernatants from both centrifugations were combined and were pelleted by centrifugation at 21,000 Â g for 10 min. The resulting mitochondrial pellet was resuspended in 15% Percoll made in MIB and centrifuged at 31,000 Â g for 10 min to remove most of the fatty acid contents. The resulting crude mitochondrial pellet was resuspended in MIB and stored at À80 1C for later protein and enzymatic assays.
RNA isolation and protein extraction
Total RNA was isolated from the designated hippocampal tissues using the RNeasy Kit (Qiagen, Valencia, CA) following the manufacturer's instruction. The quality and quantity of RNA samples were determined using the Experion RNA analysis kit (Bio-Rad, Hercules, CA). RNA samples were reverse-transcribed to cDNA using the high capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, CA) following the manufacturer's instructions and stored at À80 1C for gene array analysis. For hippocampal homogenate, protein samples were extracted from designated hippocampal tissues using the Tissue Protein Extract Reagent (T-PER, Pierce, Rockford, IL) following the manufacturer's protocol. Protein concentrations were determined by using the BCA protein assay kit (Pierce, Rockford, IL).
qRT-PCR gene expression analysis
Mouse mitochondrial and Alzheimer's low density arrays (LDAs) were custom manufactured by Applied Biosystems. qRT-PCR and data analysis were conducted as previously described (Zhao et al., 2012) .
Enzyme activity assay
PDH activity was measured by monitoring the conversion of NADþ to NADH by following the change in absorption at 340 nm as previously described (Yao et al., 2009) . Isolated brain mitochondria were dissolved in 2% CHAPS buffer to yield a final concentration of 15 mg/ml and incubated at 37 1C in PDH Assay Buffer (35 mM KH 2 PO 4 , 2 mM KCN, 0.5 mM EDTA, 5 mM MgCl 2 , (pH 7.25 with KOH), 200 mM sodium pyruvate, 2.5 mM rotenone, 4 mM sodium CoA, 40 mM TPP). The reaction was initiated by the addition of 15 mM NAD þ and the initial rate was measured. COX activity was assessed in isolated mitochondria (20 mg) using Rapid Microplate Assay kit for Mouse Complex IV Activity (Mitosciences, Eugene, OR) following the manufacturer's instructions. Complex I Activity assessed in isolated mitochondrial samples (5 mg) using Complex I Enzyme Activity Dipstick Assay Kit (Mitosciences, MS130-60, Eugene, OR), band density was captured and analyzed by the matching Mitosciences Dipstick reader (Mitosciences, MS1000, Eugene, OR). a-ketoglutarate dehydrogenase (aKGDH) activity was assayed spectrophotometrically No adverse effects reported S-equol, a potent ligand for estrogen receptor b, is the exclusive enantiomeric form of the soy isoflavone metabolite produced by human intestinal bacterial flora (Setchell et al., 2005) To characterize the exact structure of equol, to examine whether the S-and R-equol enantiomers are bioavailable, and to ascertain whether the differences in their confor-mational structure translate to significant differences in affinity for estrogen receptors Human Oral Soy food from diet S-equol is synthesized by intestinal bacteria and has high affinity for Erb
No adverse effects reported
The cross-sectional study of the relationship between soy isoflavones, equol and the menopausal symptoms in Japanese women (Uchiyama et al., 2007) No adverse effects reported b r a i n r e s e a r c h 1 5 1 4 ( 2 0 1 3 ) 1 2 8 -1 4 1 The pharmacokinetic behavior of the soy isoflavone metabolite S-(À)equol and its diastereoisomer R-(þ)equol in healthy adults determined by using stable-isotope-labeled tracers (Setchell et al., 2009) To compare the pharmacokinetics of S-equol and R-equol by using 13C stable-isotope-labeled tracers to facilitate the optimization of clinical studies aimed at evaluating the potential of these diastereoisomers in the prevention and treatment of estrogen and androgen dependent conditions Human Oral single-bolus 20 mg doses of S-equol, R-equol, and racemic equol R-equol has higher bioavailability than S-equol and racemic equol. Both S-equol and R-equol exhibit high systemic bioavailbility
Headache reported by one female subject after administration of S-equol and R-equol but not after racemic equol.
Single-dose and steady-state pharmacokinetic studies of Sequol, a potent nonhormonal, estrogen receptor b-agonist being developed for the treatment of menopausal symptoms (Jackson et al., 2010) To at 25 1C by measuring the rate of increase of absorbance due to NADH at 340 nm as described previously (Lai and Cooper, 1986) . Briefly, each assay mixture contained: 0.2 mM TPP, 2 mM NAD, 0.2 mM CoA, 1 mM MgCl2, 0.3 mM DTT, 0.1% (vol/vol) Triton X-100, 10 mM a-ketoglutarate, 130 mM HEPES-Tris pH 7.4, and 30 mg of crude cortical mitochondrial samples. The reaction was initiated by the addition of CoA and the initial rate was measured. 
Western blot analysis
Lipid peroxidation assay
Lipid peroxidation of hippocampal samples from individual groups were determined by assessing the levels of thiobarbituric acid reactive substances (TBARS) using the TBARS assay kit (Cayman Chemicals, Ann Arbor, MI) following the manufacturer's instruction.
Metabolic flux analysis
Primary hippocampal neurons from day 18 (E18) embryos of female Sprague-Dawley rats were cultured on Seahorse XF-24 plates at a density of 50,000 cells/well. Neurons were grown in Neurobasal medium þB27 supplement for 10 days prior to experiment. To investigate the impact of phytoSERM treatments on mitochondrial respiration in primary neuronal cultures, cells were treated with vehicle, S-equol phytoSERM combination (100 nM), R/S-equol phytoSERM combination (100 nM), or E2 (10 nM). The assays were conducted 24 h posttreatment. On the day of metabolic flux analysis, media was changed to unbuffered DMEM (DMEM Base medium supplemented with 25 mM glucose, 1 mM sodium pyruvate, 31 mM NaCl, 2 mM GlutaMax; pH 7.4) and incubated at 37 1C in a non-CO 2 incubator for 1 h. All medium and injection reagents were adjusted to pH 7.4 on the day of assay. Using the Seahorse XF-24 metabolic analyzer, four baseline measurements of OCR (oxygen consumption rate) and ECAR (extracellular acidification rate) were sampled prior to sequential injection of mitochondrial inhibitors. Four metabolic measurements were sampled following the addition of each mitochondrial inhibitor prior to injection of the subsequent inhibitors. The mitochondrial inhibitors used were oligomycin (1 mM), FCCP (1 mM), and rotenone (1 mM). OCR and ECAR were automatically calculated and recorded by the Seahorse XF-24 software. After the assays, protein level was determined for each well to confirm equal cell density per well.
Statistical analysis
Statistically significant differences between groups were determined by one-way ANOVA followed by a Newman-Keuls posthoc analysis.
